The goals of this study were ͑i͒ to assess the replicability of the ''perceptual magnet effect'' ͓Iverson and Kuhl, J. Acoust. Soc. Am. 97͑1͒, 553-561 ͑1995͔͒ and ͑ii͒ to investigate neurophysiologic processes underlying the perceptual magnet effect by using the mismatch negativity ͑MMN͒ auditory evoked potential. A stimulus continuum from /i/ to /e/ was synthesized by varying F 1 and F 2 in equal mel steps. Ten adult subjects identified and rated the goodness of the stimuli. Results revealed that the prototype was the stimulus with the lowest F 1 and highest F 2 values and the nonprototype stimulus was close to the category boundary. Subjects discriminated stimulus pairs differing in equal mel steps. The results indicated that discrimination accuracy was not significantly different in the prototype and the nonprototype condition. That is, no perceptual magnet effect was observed. The MMN evoked potential ͑a preattentive, neurophysiologic index of auditory discrimination͒ revealed that despite equal mel differences between the stimulus pairs the MMN was largest for the prototype pair ͑i.e., the pair that had the lowest F 1 and highest F 2 values͒. Therefore the MMN appears to be sensitive to within category acoustic differences. Taken together, the behavioral and electrophysiologic results indicate that discrimination of stimulus pairs near a prototype is based on the auditory structure of the stimulus pairs. © 1998 Acoustical Society of America. ͓S0001-4966͑98͒03007-0͔
sures, gave only equivocal support to Kuhl's theory. Aaltonen et al. ͑1997͒ found that subjects fell into two groups based on their ability to label vowels consistently: good and poor categorizers. Good categorizers showed a perceptual magnet effect, whereas poor categorizers did not.
The data reviewed above indicate a lack of consensus as to whether within-category vowel discrimination is governed by properties of the auditory system or by higher level phonetic processing, i.e., the effects of phonetic prototypes. In order to better understand within-category vowel perception, we have examined within-category vowel discrimination using the mismatch negativity ͑MMN͒ evoked potential. The MMN is an event-related potential that is elicited by an acoustic change occurring in a sequence of repetitive stimuli ͑Näätänen et al., 1978͒. A sizable literature suggests that the MMN is a preattentive, neurophysiologic index of auditory discrimination. For example, when attention is focused on one ear in a dichotic listening task, the MMN can be elicited in the unattended ear ͑Näätänen, 1982 ͑Näätänen, , 1990 ͑Näätänen, , 1992 Näätänen et al., 1993; Paavilainen et al., 1993͒ . MMN responses have also been elicited in humans during sleep ͑Alho et al ., 1990; Cheour-Luhtanen et al., 1995͒ and in anesthetized animals ͑Csépe et al., 1987 , 1990 Javitt et al., 1992; Steinschneider et al., 1994; Karmos et al., 1993; Kraus et al., 1994͒ . The generators for the MMN include auditory thalamic and cortical areas ͑Kraus et al., 1995; Alho, 1995; Csépe, 1995͒. The MMN can be elicited using speech signals in which the voice-onset time, starting frequencies and duration of F 2 /F 3 and steady-state formants change ͑Aaltonen et Sams et al., 1990; Sharma et al., 1993; Kraus et al., 1993; Kraus et al., 1994a; Maiste et al., 1995; Sandridge and Boothroyd, 1996͒ . Given that the MMN appears to reflect sensory discrimination, it is an interesting tool with which to study within-category vowel discrimination.
The goals of the present study were ͑i͒ to determine whether the perceptual magnet effect could be replicated and ͑ii͒ to use the MMN to investigate neurophysiologic processes underlying within-category vowel perception.
I. BEHAVIORAL EXPERIMENT
A. Method
Subjects
Ten English speaking adults with normal hearing ͑aged 20-39 years; six females and four males͒ were paid $5/h for their participation. All were native speakers of English who reported no formal training in phonetics. Subjects reported no history of speech or hearing problems.
Stimuli
The stimuli were 13 tokens of the vowel /i/. This stimulus continuum included Kuhl's ͑1991͒ prototype and nonprototype stimuli. Stimulus 5 was Kuhl's original prototype and stimulus 9 was Kuhl's original nonprototype.
The five-formant vowel stimuli were synthesized using the Klatt ͑1980͒ synthesizer. The values of the first two formants varied in equal steps along the mel scale ͑Fant, 1973͒. The mel scale is linear at low frequencies and logarithmic at higher frequencies and is used to equate the magnitude of a perceived pitch change at different frequencies. The third through fifth formants were steady state. F 1 varied from 197 to 429 Hz ͑259 to 515 mels͒ and F 2 varied from 1925 to 2489 Hz ͑1803 to 1548 mels͒, F 3 was 3010 Hz, F 4 was 3300 Hz and F 5 was 3850 Hz. F 0 rose from 112 to 130 Hz over the first 35 ms and dropped to 92 Hz for the remainder of the vowel. With the exception of overall vowel duration, stimulus parameters were based on those reported by Iverson and Kuhl ͑1995͒ . In this study, vowel duration was 140 ms compared to 435 ms in Iverson and Kuhl ͑1995͒. The stimuli were equated in intensity ͑within 1 dB of each other͒ and presented to the subjects at 75 dB SPL, binaurally under headphones ͑Senheiser, 410͒.
Procedures
In the identification portion of the experiment subjects were asked to listen to the sounds under headphones and to classify each sound either as /i/ ͑as in the sound HE͒ or not /i/. Subjects were asked to indicate their responses by clicking with the mouse on panels marked HE and NOT-HE appearing on the computer screen. Each subject was given an initial practice session in which he or she heard each stimulus once. Next, eight repetitions of each of the 13 stimuli were presented to the subject in a random order.
Following the identification task subjects were asked to rate how good an example each stimulus was of the /i/ category from a scale of 1 ͑poorest͒ to 7 ͑best͒. The rating scale was based on the one used by Kuhl ͑1991͒ and Iverson and Kuhl ͑1995͒. Subjects were encouraged to use the entire rating scale. Subjects indicated their responses by clicking on panels labeled 1 through 7 which appeared on the computer screen. Subjects completed an initial practice trial with each of the 13 tokens presented in a random order. After the practice, subjects completed the experimental session in which they heard eight repetitions of each of the 13 tokens in a random order.
Anticipating the results of the rating experiment, three pairs of stimuli were chosen for the discrimination experiment ͑viz., stimlulus pairs 1-3, 3-5, and 5-7͒. The acoustic difference ͑in mels͒ was equal for each pair. Based on preliminary data it was anticipated that stimulus pairs 1-3 and 3-5 would represent the prototype and nonprototype conditions, respectively. It is worth noting that Iverson and Kuhl ͑1995͒ report that discrimination was significantly better for Kuhl's original prototype when it was paired with adjacent stimuli ͑along the continuum͒ that were less prototypical, than when it was paired with adjacent stimuli that were more prototypical. Given that our stimulus 5 was modeled after Kuhl's original prototype, we anticipated that the 3-5 and 5-7 conditions in our study would simulate Iverson and Kuhl's ''more prototypical'' and ''less prototypical'' comparisons, respectively. An AX discrimination task was employed. On each trial subjects heard two stimuli with an interstimulus interval ͑ISI͒ of 250 ms. Subjects were asked to determine whether the stimuli in the pair were ''same'' or ''different.'' Subjects indicated their responses by clicking on panels labeled ''same'' or ''different'' on the computer screen. Correct answer feedback was not provided. The presentation of stimulus pairs was randomized within the test and across subjects. The direction of vowel change was counterbalanced across different trials. For each pair, an initial practice session of 20 trials was presented ͑ten same and ten different trials͒. The experimental session consisted of a total of 100 trials ͑50 same and 50 different͒ for each stimulus pair. Table I shows the identification and rating results averaged across all subjects. Kuhl ͑1991͒ defines the prototype and the nonprototype as those stimuli that are given the highest and lowest rating scores, respectively. Additionally, she states that it is critical that both the prototype and nonprototype are easily identified as members of the same vowel category. In this study, subjects identified stimuli 1 through 6 as /i/ at least 95% of the time. Stimuli at the beginning of the continuum received the highest ͑100%͒ identification scores. The highest rating ͑6.2 out of 7͒ was given to stimuli 1 and 2. Of the two, stimulus 1 was selected to serve as the prototype stimulus for this study. Stimulus 5 ͑Kuhl's prototype͒ is a good exemplar of the category but is not the prototype. Since stimulus 9 ͑Kuhl's nonprototype͒ was identified as an /i/ only 20%, it is not a suitable nonprototype. On the other hand, stimulus 7 which had 75% identification and 4.2 rating scores fit the definition of a nonprototype.
B. Results and discussion
Stimuli with the lowest F 1 and highest F 2 values were given the highest ratings and as F 1 and F 2 values changed systematically along the continuum, stimuli were given correspondingly lower goodness ratings. The mean rating scores were significantly correlated with increasing F 1 values ͑Spearman rϭϩ1.0; pϽ0.001) and decreasing F 2 values ͑Spearman rϭϪ1.0; pϽ0.001). The overall pattern of identification and rating results is consistent with that reported by Iverson and Kuhl ͑1995͒, despite the difference in vowel duration between the two studies.
Results of the discrimination experiment were analyzed using d-prime ͑Kaplan et al., 1978; MacMillan and Creelman, 1991͒ . Mean d-prime scores for all three pairs are shown in Fig. 1 . A one way, repeated measures ANOVA revealed a significant main effect of stimulus pair (F ϭ5.08, pϽ0.02) . Post hoc tests ͑Student Neuman Kuels͒ indicated that discrimination for stimulus pair 3-5 was significantly poorer than for the 1-3 and 5-7 pairs ( pϽ0.05). However, discrimination was not significantly different between the 1-3 and 5-7 pairs ( pϾ0.05). Therefore the results of the behavioral experiment show that the position of sounds within the stimulus category influences their perception. Overall, discrimination at the two ends of the continuum was better than in the middle.
In summary, the overall trend of our identification and rating results is consistent with Iverson and Kuhl's ͑1995͒ findings. Furthermore, if we consider the discrimination results for Kuhl's ''prototype'' ͑stimulus 5͒ and the nonprototype ͑stimulus 7͒, the outcome is also similar to Iverson and Kuhl ͑1995͒. That is, given equal acoustic differences it is easier to discriminate stimuli in the nonprototype ͑5-7͒ condition than in the ''prototype'' ͑3-5͒ condition. On the other hand, when we compare the true prototype ͑stimulus 1͒ and the nonprototype ͑stimulus 7͒, we find that the discrimination is similar for the prototype ͑1-3͒ and nonprototype ͑5-7͒ conditions. This result does not duplicate a magnet-like effect for the prototype and is consistent with the findings of Lively ͑1993, 1996͒ and Sussman and Laucker-Morano ͑1995͒.
II. ELECTROPHYSIOLOGIC EXPERIMENT
Subjects
The subjects were the same as those used in the behavioral experiment. Subjects were seated in a sound booth. To control for arousal and to minimize subjects attention to the test stimuli, subjects watched a videotaped movie of their choice. Video tape audio levels were kept below 40 dB SPL-A. Subjects were asked to ignore the vowel stimuli that were presented through insert earphones at 75 dB SPL in the right ear. 
Stimuli
The stimuli were the same as those used in the behavioral discrimination experiment, i.e., stimulus pairs 1-3, 3-5 and 5-7. The MMN was elicited using an oddball paradigm in which repetitive presentations of a ''standard'' stimulus were occasionally replaced with a ''deviant'' or ''target'' stimulus. For the 1-3 pair, stimulus 1 was the standard and stimulus 3 was the deviant. For the 3-5 pair, stimulus 3 was the standard and 5 was the deviant. For the 5-7 pair, stimulus 7 was the standard and stimulus 5 was the deviant. The presentation of standard and deviant stimuli was not counterbalanced within a stimulus pair. The stimuli were presented at an offset-to-onset ISI of 510 ms. The deviant stimulus had a probability of occurrence of 15%. The order of the conditions was counterbalanced across subjects.
Procedures
Procedures used to record and analyze the MMN were similar to those used previously ͑Sharma et al., 1993; Kraus et al., 1995͒ . Auditory evoked potentials were recorded using a NeuroScan Inc. data acquisition system. Stimuli were delivered to the right ear using insert earphones. Electrodes were placed on the midline ͑Fz, Cz and Pz͒, over each hemisphere ͑F3, F4, C3, C4͒ and at the mastoids. The reference electrode was on the nose and the ground was on the forehead. Eye movements were monitored with a bipolar electrode montage ͑supraorbital to lateral canthus͒. Averaging was suspended when the eye channel registered blinks. The recording window included a 100 ms prestimulus period and 500 ms of post-stimulus time. Evoked responses were bandpass filtered from 0.1 to 100 Hz. In each condition, 2000 sweeps of the response to the standard and 300 sweeps of the response to the deviant stimulus were collected.
a. Individual data analysis. Responses that were judged noisy or that were greater than 100 uV were rejected offline. For each subject, sweeps were averaged to compute an individual average waveform for the standard and deviant stimuli. Because the MMN is by definition, a potential elicited only by the deviant stimulus, MMN component was measured from a difference wave computed by subtracting the standard from the deviant response. This procedure serves to isolate the MMN component from other obligatory evoked potential components such as N1 and P2 ͑Kraus et al., 1995͒. For each subject, the morphologies of the individual standard, deviant and difference waves were assessed relative to previously described morphologies of speechevoked potentials ͑Kraus et al., 1993͒. The MMN was identified visually ͑in the difference wave͒ as a relative negativity following the N1 peak ͑seen in the standard and deviant waves͒. The point of maximum negativity of the MMN component was noted and the adjacent relative positive peaks were selected as the MMN onset and offset. The MMN duration was defined as the offset minus the onset latency for each subject. To measure the area of the MMN, a line was drawn from the onset to the offset of the MMN in the difference wave. The enclosed area of the difference waveform was measured as ms ϫ uV. Duration and area measurements were computed from responses at the Fz electrode since MMN is maximally recorded at frontocentral electrodes ͑Näätänen, 1992; Sandridge and Boothroyd, 1996͒. b. Group data analysis. For each condition, a grand average standard, deviant and difference waveform was computed by averaging across all subjects. A point-to-point t test of the values contributing to the waveforms determined the period over which the grand averages were significantly different from zero at the pϽ0.05 level. A significant negativity ͑seen in the grand average difference wave͒ following the N1peak ͑seen in the grand average standard and deviant waves͒ was defined as the group MMN.
B. Results and discussion
The MMN elicited in response to the 1-3 pair was longer in duration and larger in area than in the other two conditions. This trend was consistent across all the electrode sites except at the mastoids where no MMNs were observed in any of the stimulus conditions. Figure 2 shows the grand average difference waves from the three stimulus conditions at electrode site Fz. Mean values for MMN duration are seen in Fig. 3 ͑top panel͒. A one way, repeated measures ANOVA ͑computed on the duration values taken from the averaged difference waves of individual subjects͒ showed a significant main effect of stimulus condition (Fϭ8.7, pϽ0.002). Post hoc tests ͑Student Neuman Kuels͒ revealed that MMN duration was significantly longer in the 1-3 condition compared to 3-5 and 5-7 conditions ( pϽ0.05). MMN duration was not significantly different for the 3-5 and 5-7 conditions (pϾ0.05). As can be seen in Fig. 3 ͑bottom panel͒, similar results were obtained for MMN area. A second one way, repeated measures ANOVA ͑computed on the area values taken from the averaged difference waves of individual subjects͒ showed a significant main effect of stimulus condition (Fϭ4.77, pϽ0.02). Post hoc tests ͑Student Neuman Kuels͒ revealed that MMN area was significantly larger in the 1-3 condition compared to the 3-5 and 5-7 conditions ( p Ͻ0.05). The MMN area was not significantly different for the 3-5 and 5-7 conditions (pϾ0.05).
In summary, the results of the electrophysiological experiment showed that the MMN was significantly larger for the 1-3 pair compared to the other two pairs. That is, for equal mel differences between standard and deviant stimuli, larger MMNs were elicited for the stimulus pair with the highest F 2 and lowest F 1 values. These results are consistent with those of Aaltonen et al. ͑1997͒ who found that for a continuum varying in equal F 2 steps ͑for the Finnish vowel /i/͒, the MMN was largest for stimulus pairs which had the highest F 2 values.
III. GENERAL DISCUSSION
Our results show that the vowel /i/ category exhibits an internal structure based on its acoustic properties. Results of the identification and rating experiments showed that certain tokens were perceived to be better exemplars of the category than others. This internal structure appears to be based on physical parameters of the vowels. Stimuli with the lowest F 1 and highest F 2 values were ranked as the best exemplars.
As F 1 and F 2 values changed systematically along the continuum, stimuli were given correspondingly lower goodness ratings. As a result the ''true'' prototype and nonprototype ͑stimulus 1 and 7, respectively͒ fell at the two ends of the category. The overall pattern of our identification and rating results is similar to Iverson and Kuhl's ͑1995͒ findings using a comparable stimulus continuum.
If we consider our results with respect to Kuhl's original, but not ''true'' prototype ͑i.e., stimulus 5͒, we were able to duplicate Iverson and Kuhl's ͑1995͒ findings, i.e., the 3-5 pair was significantly more difficult to discriminate than the 5-7 pair. Because the MMN was not significantly different for the 3-5 and 5-7 stimulus pairs, it appears that the behavioral discrimination differences between these pairs were not due to inherent acoustic differences. Rather, the enhanced discrimination for the nonprototype condition is probably the result of phonetic processing of some sort. Possibly stimulus 7 is close enough to the category boundary that it has an /I/-like quality and it is this quality that makes the 5-7 pair easy to discriminate.
When the ''true'' prototype was used we did not find evidence for a perceptual magnet effect. Discrimination for the 1-3 pair ͑true prototype condition͒ was not significantly different from the 5-7 pair ͑nonprototype condition͒. Moreover, discrimination of the 1-3 pair was better than discrimination of the 3-5 pair. This result is consistent with the studies of Lively ͑1996͒ and Sussman and Laucker-Morano ͑1995͒ who failed to demonstrate a convincing perceptual magnet effect using appropriate prototype and nonprototype stimuli.
FIG. 2. Grand average ͑across subjects͒ difference waves in the three stimulus conditions. The MMN response is seen in the difference wave as a deflection below the zero line. The boxes on the x-axis under the difference waves indicate the latency ranges over which a significant mismatch response occurred (pϽ0.05).
FIG. 3. The top panel shows the mean MMN duration and the bottom panel
shows the mean MMN area in the three stimulus conditions. MMN duration and area were significantly larger in the 1-3 condition compared to the other two ( pϽ0.05). MMN area and duration were not significantly different for the 3-5 and 5-7 stimulus conditions (pϽ0.05). Error bars indicate Ϯ1 standard error.
In the present study, the MMN response to the 1-3 pair was larger than the response to the two other pairs. This implies that the enhanced behavioral discrimination for the 1-3 pair, when compared to the 3-5 pair, is likely due to underlying acoustic factors. It is difficult to compare our results with previous studies of the perceptual magnet effect in English. Lively ͑1996͒ and Kuhl ͑1991͒ did not report results for specific pairs of stimuli, rather their results were collapsed across all stimuli in an orbit. Sussman and LauckerMorano ͑1995͒ and Iverson and Kuhl ͑1995͒ tested discrimination for specific pairs of stimuli, however, they did not test discrimination for stimulus pairs that would be comparable to our 1-3 pair.
Given that our 1-3 pair had the highest F 2 and lowest F 1 values, our findings of enhanced discrimination for this pair are comparable to those from a recent study by Aaltonen et al. ͑1997͒ . In that study Finnish listeners' identification, rating and discrimination was assessed for stimuli falling along an /i/ continuum varying in F 2 in equal mel steps. Aaltonen and colleagues classified their subjects into two groups based on individual rating scores. Subjects in their ''High P'' group had judged individual prototypes to be at the high F 2 end of the category and nonprototypes to be at the category boundary. For subjects in their ''Low P'' group, essentially the opposite category structure was seen. Aaltonen et al. ͑1997͒ found that regardless of the location of subjects' individual prototypes and nonprototypes along the continuum, the largest MMNs were elicited for stimuli with the highest F 2 values. Therefore they concluded that the perceptual magnet effect was indicated for the Low P group ͑whose nonprototypes were at the high F 2 end͒ and not for the High P group ͑whose prototypes were at the high F 2 end͒.
Unlike Aaltonen et al. ͑1997͒ our subjects showed a consistent pattern of goodness ratings in which stimuli at the high F 2 ͑and low F 1 ) end of the continuum were given relatively higher ratings compared to stimuli near the category boundary. Therefore based on goodness ratings, our subjects as a whole were comparable to the High P group in Aaltonen et al. ͑1997͒ . In that study, based on measures of category consistency and boundary width, the High P group was judged to consist of ''poor'' or inconsistent categorizers. However, in the present study, all listeners had sharp boundaries and small boundary widths, similar to subjects who were classified as ''good'' or consistent categorizers by Aaltonen et al. ͑1997͒. Given then, that our subjects are at least partially comparable to the High P group of Aaltonen et al. ͑1997͒ the electrophysiologic findings of the two studies appear consistent. That is, in this study and for the High P group of Aaltonen et al. ͑1997͒, the MMN was larger for the prototype as opposed to the nonprototype.
It should be noted that in this study a potentially important variable, the interstimulus interval ͑ISI͒, differed between the behavioral and electrophysiologic discrimination experiments. This occurred because parameters for the behavioral experiment were primarily selected to be consistent with the Iverson and Kuhl ͑1995͒ study which we were trying to replicate, while variables for the electrophysiologic experiment were chosen to optimize the MMN recordings.
As a result, the ISI in the behavioral discrimination experiment ͑250 ms͒ was shorter than the ISI in the MMN experiment ͑510 ms͒. ISI is considered an important variable in behavioral discrimination experiments because a short ISI may allow subjects to rely more on acoustic ͑compared to phonetic͒ cues ͑Pisoni, 1973͒. However, changes in ISI do not appear to influence MMN results in a comparable fashion. Previous studies in which the MMN was elicited at varied ISI have shown that the MMN primarily reflects changes in acoustic ͑physical͒ parameters of the stimulus ͑Aaltonen et Sams et al., 1990; Sharma et al., 1993; Maiste et al., 1995͒ . In those studies, even though behavioral discrimination was enhanced across phonetic categories, the MMN did not show this effect. This suggests that the MMN appears to reflect acoustic processing regardless of ISI. Therefore it is unlikely that the overall pattern of the present MMN findings would be different if the ISI in the electrophysiologic experiment could have been shortened to match the ISI of the behavioral experiment.
Some investigators ͑e.g., Sussman and Laucker-Morano, 1995; Polka and Bohn, 1996͒ have reported that direction of change of the vowel formants may affect discrimination results. In our behavioral experiment, the order of presentation of stimuli within a pair was counterbalanced and therefore the direction of vowel change was not an issue. In the electrophysiologic experiment, stimulus presentation within pairs was not counterbalanced. For pairs 1-3 and 3-5, the deviant stimulus had a higher F 1 and lower F 2 than the standard, however, for the 5-7 pair the deviant stimulus had a lower F 1 and higher F 2 than the standard. Therefore it is possible that the opposite directions of formant change may be a potentially confounding variable. However, it should be emphasized that one of the most important results of this study which argues against the existence of a perceptual magnet effect is that for pairs with the same direction of formant change the MMN was larger for the more prototypical pair ͑1-3͒ compared to the less prototypical pair ͑3-5͒.
In summary, taken together the behavioral and electrophysiologic results show that discrimination within the vowel /i/ category depends on both acoustic and phonetic factors. Towards the nonprototype end of the category, discrimination was enhanced due to phonetic processing ͑pre-sumably due to proximity to the category boundary͒, while the enhanced discrimination seen at the ''true'' prototype end was influenced by the underlying auditory properties of vowels. Further research is necessary to determine the specific attributes of an auditory stimulus which account for discrimination peaks within a phonetic category.
